Abstract Crop yields are vulnerable to climate change. We assess the global impacts of climate change on agricultural systems under two climate projections (RCP8.5 and RCP4.5) to quantify the difference in impacts if climate change were reduced. We also employ two different socioeconomic pathways (SSP3 and SSP5) to assess the sensitivity of results to the underlying socioeconomic conditions. The integrated-Population-Economy-Technology-Science (iPETS) model, a global integrated assessment model for projecting future energy use, land use and emissions, is used in conjunction with the Community Earth System Model (CESM), and particularly its land surface component, the Community Land Model (CLM), to evaluate climate change impacts on agriculture. iPETS results are produced at the level of nine world regions for the period 2005-2100. We employ climate impacts on crop yield derived from CLM, driven by CESM simulations of the two RCPs. These yield effects are applied within iPETS, imposed on baseline and mitigation scenarios for SSP3 and SSP5 that are consistent with the RCPs. We find that the reduced level of warming in RCP4.5 (relative to RCP8.5) can have either positive or negative effects on the economy since crop yield either increases or decreases with climate change depending on assumptions about CO 2 fertilization. Yields are up to 12 % lower, and crop prices are up to 15 % higher, in RCP4.5 relative to RCP8.5 if CO 2 fertilization is included, whereas yields are up to 22 % higher, and crop prices up to 22 % lower, if it is not. We also find that in the mitigation scenarios (RCP4.5), crop prices are substantially affected by mitigation actions as well as by climate impacts. For the scenarios we evaluated, the development pathway (SSP3 vs SSP5) has a larger impact on outcomes than climate (RCP4.5 vs RCP8.5), by a factor of 3 for crop prices, 11 for total cropland use, and 35 for GDP on global average.
Introduction
Crop yields are vulnerable to the effects of climate change (Schlenker and Roberts 2009) . As an important part of economic systems, especially in developing countries, changes in agricultural systems will affect the overall economy and potentially the wellbeing of households. Several recent studies have assessed global impacts on agriculture under combinations of assumptions about future climate outcomes and societal development. Most prominently, a major model comparison activity, the Agricultural Model Intercomparison and Improvement Project (AgMIP), is evaluating climate impacts on agricultural systems from various perspectives. In the first phase of its global economic analysis, AgMIP focused on a high climate change outcome associated with Representative Concentration Pathway (RCP) 8.5, the highest of the four RCPs (van Vuuren et al. 2011) , combined with a central societal development pathway, the Middle of the Road Shared Socioeconomic Pathway (SSP2; O'Neill et al. 2014) . They found that without CO 2 fertilization (the enhanced plant growth from higher atmospheric CO 2 concentration), climate generally has negative effects on crop yields, which vary widely across regions and crops. Global average yield change ranges from −4 % to −20 % in 2050 for the average of five main crops (wheat, rice, coarse grains, oil seeds, sugar) based on different climate and crop models (Nelson et al. 2014) . The yield reductions resulted in a 3 % to 79 % increase in average crop prices and a −2 % to +26 % change in total cropland across models (von Lampe et al. 2014 ).
Other studies show that different climate and development pathways can have quite different impacts on agricultural systems. Wiebe et al. (2015) extend the AgMIP studies by incorporating multiple climate and socioeconomic scenarios to show that, without CO 2 fertilization, climate impacts on crop yields are generally negative, a median of −12.8 % for RCP8.5, and this increases crop prices by 15.5 % on average across multiple models in 2050 compared to noimpact scenarios. Impacts for RCP4.5 and 6.0 are similar to each other but smaller than for RCP8.5. However, societal conditions (SSPs) are varied along with the climate outcomes in this study, which limits the possibility to draw conclusions on which factors are driving results. Hasegawa et al. (2013) estimate impacts of climate change with CO 2 fertilization on agriculture under multiple scenarios (all 12 combinations of SSP1, 2, and 3 along with RCP2.6, 4.5, 6.0 and 8.5) focusing on calorie consumption and population at risk of hunger. They find that although climate change increases risk of hunger evaluated by per-capita calorie intake (e.q., RCP8.5 reduces per-capita calorie intake by 2.1 % for SSP3 in 2050), different socioeconomic pathways have greater impacts than different climate outcomes. For example, per-capita calorie intake is 14 % higher in SSP1 than in SSP3 without considering climate change, and 10 % higher in SSP2 compared to SSP3. However, the authors do not focus on the benefits of mitigation by comparing results at different levels of climate change within the same societal development pathway.
The Climate Change Impacts and Risk Analysis (CIRA) project by EPA evaluates impacts in the U.S. from two different scenarios: a reference scenario without action on climate change (radiative forcing level of 10 W/m 2 by 2100) and a mitigation scenario that limits global warming to 2°C above preindustrial level (radiative forcing level close to 3.7 W/m 2 ). They examine consequences for various sectors (EPA 2015) , with the study on the agriculture sector indicating that, with CO 2 fertilization, mitigation to the lower forcing pathway increases yields for most crops in the USA, with up to 40 % yield increases in 2100 for corn, soybean and wheat, leading to a $32 to $50 billon ($2005) welfare gain from 2015 through 2100 (discounted at 3 %; Beach et al. 2015) .
In this study we assess the global impacts of climate change on agriculture under two climate projections (RCP8.5 and RCP4.5) and two socioeconomic pathways (SSP3 and SSP5) to quantify the difference in impacts on agricultural systems as climate change is reduced, and the dependence of this difference on the socioeconomic development pathway assumed. Also, while temperature increases in many regions might be harmful to crop growth, a higher CO 2 concentration in the atmosphere might foster plant productivity (especially for C3 plants; e.g., Kimball 2010; Lobell and Gourdji 2012) . Given the high uncertainty in the CO 2 fertilization effects on yields, we evaluate the climate impact both with and without CO 2 fertilization. The few previous studies that included CO 2 fertilization did not explicitly quantify the sensitivity of their results to this uncertainty (e.g., Hasegawa et al. 2013) . Beach et al. (2015) analyzed the sensitivity of yields to CO 2 fertilization but did not assess the consequences for the agricultural sector or wider economy. We decompose the total climate effect on crop yield changes into a CO 2 fertilization effect and a climate-only effect (changes in temperature and precipitation) and perform economic impact analyses with CO 2 fertilization and without.
This paper is part of a larger study on the Benefits of Reduced Anthropogenic Climate changE (BRACE, O'Neill and Gettelman, this issue) that examines differences in impacts between RCP8.5 and RCP4.5 for a range of different sectors and outcomes. We draw on BRACE simulations of climate impact on crop yields from Levis et al. (2016) ; Tebaldi and Lobell (2015) also project global crop yield impacts using an empirical approach. In section 2 we outline our methodology. Section 3 reports results, and section 4 summarizes conclusions and discusses caveats, and points to future research needs.
Methodology
We model the effect of climate and atmospheric CO 2 changes on global and regional economies through their effects on crop yields. We use the integrated-Population-EconomyTechnology-Science (iPETS) model, a global integrated assessment model for projecting future energy use, land use, and emissions, in conjunction with the Community Earth System Model (CESM), and particularly with the Community Land Model (CLM, Oleson KW et al. 2013 ). The analysis is global, with results in iPETS produced at the level of nine regions and in CLM at a resolution of 2 degrees, and spans the period 2005-2100. We draw on CLM simulations reported in Levis et al. (2016) for RCP8.5 and RCP4.5 to derive climate impacts on yield for our analysis (more on this below). These yield effects are applied within iPETS, imposed on four no-impact scenarios (SSP5-8.5, SSP3HG-8.5, SSP5-4.5 and SSP3HG-4.5). These four scenarios were chosen to span a high and medium level of climate change (the latter assuming emission mitigation takes place), as well as low and high societal vulnerability to climate impacts (O'Neill and Gettelman, this issue). Future impacts in each scenario (relative to a no-impact scenario), as well as impacts avoided by following RCP4.5 rather than RCP8.5, are measured in terms of differences in yield, food prices, consumption, GDP and land use, with and without CO 2 fertilization.
Multiple models and tools are required to carry out the analysis and the overall workflow is shown in Fig. 1 . We provide a basic description of the process here; more information can be found in the Electronic Supplementary Material (ESM).
First, we use iPETS (see ESM) to develop SSP5 and SSP3 baseline (no-mitigation) scenarios without climate change by calibrating the model to match existing scenarios (Calvin et al. 2016) produced with the Global Change Assessment Model (GCAM, Brenkert et al. 2003) , a more comprehensive integrated assessment model with a long history of use in climate change analysis. The value of the iPETS analysis is in the estimation of the climate-driven changes to the economy, rather than the simulation of the no-impact scenarios themselves. The calibration reproduces GCAM outcomes for GDP, CO 2 emissions, energy demand, land use and cropland Fig. 1 Linkage between CLM and iPETS. CESM provides the climate scenario; CLM produces the yield database that contains yield information at every grid cell for different climate and management scenarios; the downscaling model produces spatial cropland distributions derived from the aggregated cropland areas from iPETS; iPETS is the economic model used to evaluate the economic impacts yield, aggregated to iPETS regions, by modifying key iPETS model parameters such as labor productivity, total factor productivities of energy and crop production and partial factor productivities of energy and land (see ESM). The calibration produced outcomes that deviated from targeted variables by less than 1 % averaged over the period 2005-2100. The GCAM SSP5 baseline scenario produces about 8.5 W/m 2 of forcing by 2100. Since iPETS's energy system and land use is tuned to match GCAM's, iPETS radiative forcing is assumed to match as well, and is therefore consistent with climate outcomes based on RCP8.5. However, the GCAM SSP3 baseline scenario produces only about 7 W/m 2 of forcing by the end of the century. Since we are interested in the climate impacts under RCP8.5 for both SSPs in order to evaluate the sensitivity of impacts to societal conditions, we developed a high growth SSP3 baseline scenario (SSP3HG) with an increased GDP growth rate relative to the GCAM SSP3 scenario, such that the CO 2 emissions from energy consumption (and by extension, CO 2 equivalent emissions) from the larger scale of the global economy are consistent with RCP8.5 (see ESM). We also developed no-impact mitigation scenarios, SSP5-4.5 and SSP3HG-4.5, by employing a carbon tax on energy to reduce emissions to the level of RCP4.5 without climate impact effects (see ESM). The no-impact baseline scenarios (SSP5-8.5, SSP3HG-8.5) and noimpact mitigation scenarios (SSP5-4.5, SSP3HG-4.5) project cropland demand for all iPETS regions for the next century. The current iPETS version doesn't model commercial bioenergy explicitly. Thus mitigation scenarios are achieved by substituting away from fossil fuel use; mitigation has almost no effect on land use. A dynamic statistical downscaling model developed by Meiyappan et al. (2014) is used to spatially allocate cropland within each region for these scenarios, producing a global gridded crop map for each time period and scenario (see ESM).
CLM
Climate impacts on yield are obtained using CLM4.5. The version of CLM employed here represents seven crop types (temperate corn, soybean, wheat, sugarcane, cotton, tropical corn, and tropical soybean) and allows for nitrogen fertilizer application and irrigation (Levis et al. 2016) . Detailed description of CLM and validation of CLM outputs are discussed in ESM. CLM does not represent transient agricultural land use change; instead, the spatial distribution of cropland and pasture remains fixed over time, as do assumptions about the level of nitrogen fertilizer application and irrigation area. This version of CLM assumes no limitation on water supply when irrigation is needed and the fertilization application is set at North American cropspecific levels everywhere. To accommodate these characteristics of the model, as well as to reduce overall computing time, we do not link iPETS directly to CLM but instead produce in advance a CLM yield database from a number of idealized simulations and use the results to estimate climate impacts on yield over time.
The yield database includes annual yield information for all CLM crop types at every grid cell under different climate scenarios and management assumptions (with and without fertilizer, irrigated and rainfed; Levis et al. 2016; see ESM) . For climate effects on yield for iPETS regions for a given scenario, we first use the crop maps from the downscaling model for each time step to select grid cells from the CLM yield database for the desired climate and CO 2 assumptions. Regional yield values are calculated by aggregating the spatial, crop-specific yield information into one average crop type for each iPETS region. This process is repeated for a constant climate (no climate change) scenario, and the difference between the two results gives the climate effect on regional yield. These yield changes are calculated by a crop yield tool which involves several additional steps beyond those described above, including yield adjustments for irrigation and nitrogen fertilizer assumptions based on FAO data and projection and smoothing of CLM outputs (see ESM). The whole process requires aggregation over regions and crop types. How the aggregations affect the results are shown in ESM. Our analyses show that the spatial aggregation doesn't affect the results much since yield responses are generally similar across grid cells within the same region for the same crop. However, aggregation over crop types has a more significant effect. The principal consequence of crop type aggregation is that it prevents adaptation within the iPETS agricultural sector by changing crop composition toward crop types that are less negatively affected (or more positively affected) by climate change. It also limits adaptation within the spatial downscaling model by relocating production to more productive areas within regions. This type of relocation occurs (since climate is a determinant of the suitability of land for crop growth) but is not cropspecific. We are not able to evaluate the quantitative effect of this information loss on the economic outcomes, but since these adaptations would only be undertaken by producers when they would imply a net economic gain, our results can be considered an upper bound on economic impacts with respect to these factors.
The climate-driven yield differences are then applied in iPETS by modifying the total factor productivity of crop production by the same percentage change. Each of the four iPETS scenarios is run again, producing a new set of results, including GDP, energy demand, food demand and land use demand. The difference between this set of results (with climate effects) and results for the no-impact scenarios gives the climate impact on the economy.
Results

Regional aggregated yield change
Climate-driven yield changes derived from CLM results for the iPETS regions are plotted in Fig. 2 for SSP5-8.5 and SSP5-4.5 with and without CO 2 fertilization. As described in the previous section and ESM, these yield outcomes draw on CLM results from idealized experiments and are consistent with SSP-based assumptions about fertilizer application rates over time, and outcomes for changes in extent and spatial location of crops, for each iPETS region. The yield changes for SSP3HG are similar to SSP5 and are shown in ESM Fig. 12 . With CO 2 fertilization, the yield changes are generally positive (yield changes >1) in almost all regions except for Latin America and Sub-Saharan Africa after 2050, and RCP8.5 shows higher yield gains than RCP4.5, with global average yield increases of 8 % and 3 % for 2061-2080, respectively. However, if CO 2 fertilization is excluded, the climate impact on yields is negative in most regions and RCP8.5 has larger global average yield losses (−23 %) than RCP4.5 (−16 %). Levis et al. (2016) concluded that the CLM results compare favorably with data by evaluating CLM national total grain production against data from the Food and Agriculture Organization (FAO), and CLM gridded corn, wheat, and soybean yields against data from Monfreda et al. (2008) for the present day. The exceptions are mainly due to the over-application of fertilizer in some regions in CLM relative to observations. We also compared the CLM average yield values for nine aggregated iPETS regions to FAO yield data. After adjusting yields for observed fertilizer application rates, results match the FAO data reasonably well. More discussion can be found in ESM. In terms of yield responses to climate change, our results are broadly consistent with previous projections. For example, as part of the first phase of AgMIP, seven global gridded crop models projected global yield changes by the end of the century under RCP8.5 ranging from −35 % to over +60 % with CO 2 fertilization for maize, wheat, rice and soy, with the majority of the yield changes being positive, especially for wheat and rice (Rosenzweig et al. 2014 ). Without CO 2 fertilization, the same models produced yield changes of −60 % to +15 %, with almost all effects being negative. In comparison, with CO 2 fertilization our analyses show the global average yield changes under RCP8.5 in 2100 are −7 % for maize (compared to −35 to 30 % in AgMIP), 21 % for soybean (−30 to 60 % in AgMIP), and 30 % for wheat (−15 to 35 % in AgMIP). And without CO 2 fertilization, our results showed −10 % yield change for maize, −9 % for soybean and −18 % for wheat, while in AgMIP, the corresponding ranges are −45 to 15 %, −60 to 10 % and −10 to −50 %. For yield averaged over all crops in CLM as described in ESM, the global average change is +9 % with CO 2 fertilization and −25 % without it. Further comparison of the yield responses from CLM with the literature at the gridded level and global average level is discussed in ESM. Figure 3 summarizes the separate effects of climate (temperature and precipitation) and CO 2 fertilization on yield changes in 2061-2080 for the SSP5-8.5 scenario. The total yield effect (climate and CO 2 ) is the difference between yield in the SSP5-8.5 scenario with both climate and CO 2 change and in the same scenario with both climate and CO 2 held constant (i.e., the yield effects shown in the top left panel of Fig. 2 ). This total effect is partitioned into separate climate and CO 2 effects using yield changes in a scenario with climate change but constant CO 2 levels. The CO 2 fertilization effect is then further partitioned into a direct CO 2 effect and an interaction effect between higher CO 2 levels and increasing fertilizer application rates (the CO 2 fertilization effect is stronger when nitrogen fertilizer rates are higher; Kimball 2010). This further decomposition is achieved using yield changes in a scenario with climate change, constant CO 2 and constant nitrogen fertilizer application rates. All three effects are substantial and CO 2 fertilization has a larger effect than climate in almost all regions except for Latin America and Sub-Saharan Africa. The overall average yield changes in 2061-2080 for all regions range from −9 % to 24 %. CO 2 fertilization itself leads to 8 % to 50 % increases across regions (>20 % for most), while the climate effects from temperature and precipitation changes decrease yields by 12 % to 32 %. The CO 2 fertilization effect is mostly due to the direct benefit of CO 2 on crop growth, but the interaction effect with increasing nitrogen fertilizer application rates also affects yields by −0.6 % to 17 % (<10 % in most regions).
The relative magnitudes of these effects vary across regions. Regional differences in CO 2 fertilization effects are driven partly by differences in crop composition, since C3 crops, such as wheat, soybean, and cotton, benefit most from CO 2 fertilization. With a 95 % share of C3 crops, The other Industrialized Countries region has the highest CO 2 fertilization effect. Variations are also affected by differences in climate (temperature and precipitation), absolute levels of nitrogen fertilizer, and water availability (McGrath and Lobell 2013 Red solid bars show climate effects due to temperature and precipitation on yield changes; blue solid bars show the pure CO 2 fertilization effects and blue patterned bars show the interaction effects between CO 2 fertilization and nitrogen fertilizer. The combined effects from blue solid bars and patterned bars are the overall CO 2 fertilization effects interaction effects are small for China, the EU, USA and Other Industrialized Countries due to very small changes in fertilizer application rates (rates for China, EU and USA are kept at current CLM levels, see ESM). The interaction effect in China is negative because the fertilizer application rate in CLM is decreasing. Small interaction effects in Sub-Saharan Africa result from the small direct CO 2 fertilization effect (due to the crop mix).
Climate impact on individual scenarios
The economic impacts of climate change for individual scenarios are calculated by comparing the iPETS model outputs with climate and CO 2 effects to the outputs without those effects. We also illustrate the effect of uncertainty in CO 2 fertilization by assessing impacts with climate change but without CO 2 fertilization. Figure 4 shows both types of results for SSP5-8.5 in 2061-2080. Impacts in other scenarios are qualitatively similar and are shown in ESM Figs.14 and 15. Generally, the crop yield increases in most regions from climate (with CO 2 fertilization) effects in SSP5-8.5 lead to increases in crop production and consumption and decreases in crop prices. There is a small benefit to GDP of up to 1 %, and the cropland used in production increases (while pasture area declines). The principal explanations for these responses are that, when there is a yield increase, ceteris paribus, crop production costs fall and therefore the crop industry will generally increase production. The larger supply reduces the crop price and thus direct consumer crop consumption increases. In this scenario crop prices decrease 9 % to 27 % (in response to yield increases of 7 % to 33 %). The effect of the yield change on cropland use is more complicated. Increased production does not necessarily imply increased land use, since yield per hectare of cropland is higher. The net result depends on many factors including how large the yield increase is, how easily the producer can shift inputs toward land use, input prices, the demand response to lower crop prices, etc. Our model outputs show that in this scenario, the balance of these effects leads to changes in cropland use that are in the same direction as yield changes. However, in percentage terms cropland changes are smaller than those in crop production. Decreased crop prices also decrease the price of animal products, for which crops are a major input. The reduction of both these prices leads to an increase in total food consumption, although the effect is not as large as changes in direct crop consumption. Food consumption shifts away from animal products toward crops, because the price reduction is smaller for animal products than for crops. This shift results in a reduction in demand for animal products and consequently a decrease in demand for pasture land. Economic responses in Latin America and Sub-Saharan Africa are opposite in sign compared to other regions, because climate change has overall negative (rather than positive) effects on crop yields there even with CO 2 fertilization.
The yield changes include effects from CO 2 fertilization (including the interaction effect with fertilizer shown in Fig. 3 ). As shown in Fig. 4 , if CO 2 fertilization effects are excluded, yields in all regions decrease up to 31 % and the economic impacts are reversed: crop prices increase up to 65 % and GDP declines up to 3 %.
Avoided impacts from climate change
Estimating the avoided impacts if we mitigate climate change from RCP8.5 to RCP4.5 requires disentangling two different effects on the economy: those due to the impacts of climate change on crop yields, and those due to the carbon taxes imposed to reduce emissions to meet the RCP4.5 forcing target. The combined effects are given by the difference in outcomes between SSP5-8.5 and SSP5-4.5 (and similarly for SSP3HG). To decompose this difference into separate impact and mitigation effects, we carry out additional iPETS runs that include only one effect: SSP5-4.5 and SSP3HG-4.5 with emissions mitigation occurring to reduce forcing to the RCP4.5 pathway, but with yield effects remaining at their level according to RCP8.5. The results for SSP5 are shown in Fig. 5 both with and without CO 2 fertilization (results for SSP3HG are shown in ESM Fig.16 ).
When CO 2 fertilization is included, RCP4.5 leads to yield losses up to 12 % in all regions relative to outcomes in RCP8.5. The lower yield alone induces decreased crop production and food consumption, higher crop prices (<15 %), less cropland demand, and GDP reductions (<0.7 %). The mitigation effects are more complex. When a global carbon tax is applied to all regions to achieve the RCP4.5 emissions level, the effect differs across regions due to differences in economic structure and energy systems. Resulting changes in relative prices across different energy goods affect production, consumption and trade of those goods, as well as the overall economy. Generally speaking, mitigation actions increase the price of carbon intensive energy use, thus reducing consumption (especially energy consumptions), and GDP.
If CO 2 fertilization is excluded from the analysis, mitigation (RCP4.5) induces positive yield changes (relative to RCP8.5) in most regions and thus results in increased crop production and food consumption, higher cropland demand, lower crop prices, and increases in GDP relative to RCP8.5. The yield gains from mitigation are up to 22 % and result in <22 % reduction in crop prices and <0.9 % increase in GDP. The negative yield change in the USA indicates that even without CO 2 fertilization, this region benefits from a higher level of climate change 1 in terms of crop yields in the period of 2061-2080. The mitigation effects are similar to the ones when CO 2 fertilization is included.
Comparing the climate and mitigation effects we find that, both with and without CO 2 fertilization, climate has larger effects on crop-related indicators, such as crop production and consumption, and cropland demand, while mitigation has stronger effects on the overall economy, i.e., GDP, reflecting the larger role of the energy sector in the overall economy. The mitigation effect on crop prices is less than half as large as the climate effect for most regions, reflecting the importance of both land and energy inputs to agricultural production, but the more direct effect of land productivity on production. Food consumption is more directly linked to crop prices and thus the patterns are similar. Generally speaking, if CO 2 fertilization effects are included in the analysis, both mitigation and climate have negative impacts on the economy when changing from RCP8.5 to 4.5: decreased yields (up to −12 %), reduced crop production and direct consumption, reduced food consumption, higher crop prices (up to 16 %) and lower GDP (up to −4 %). However, if CO 2 fertilization effects are not included, mitigation and climate drive the economy in different directions. The net effect depends on which impact is larger: the higher yield (up to 22 %) in RCP4.5 relative to RCP8.5 leads to a positive net effect on crop production and consumption and a decrease in crop prices (−21 %), all of which are driven primarily by climate effects, while the net effect on GDP (−4 %) is negative because the mitigation effect dominates.
Development pathway vs. climate
To put the impacts of climate change and mitigation in context, it is useful to compare future outcomes for the same socioeconomic development pathway but different climates (as reported in the previous section) to outcomes for the same climate but different development pathways. To do this, we compare the difference between SSP5-8.5 and SSP5-4.5 (Fig. 5) with the difference between SSP5-8.5 and SSP3HG-8.5 (Fig. 6 , with CO 2 fertilization).
The differences in outcomes due to alternative development pathways (Fig. 6 ) greatly exceed those due to different climate (and mitigation) scenarios (Fig. 5) . Based on the SSP storylines (O'Neill et al. 2015) , SSP5 includes high economic growth, rapid technological change, low population growth, and a fossil-driven energy system. When implemented in iPETS, this SSP implies rapid growth in labor productivity, technological change that increases land productivity, and substantial growth in income and consumption. In contrast, the SSP3HG storyline envisions a more fragmented, slower growth development pathway with high population growth and slow technological change. Its associated iPETS scenario has slower growth in the productivity of labor and land (relative to SSP5), and much slower growth in income and consumption. These differences in societal trends lead to large differences in outcomes compared to climate effects. For example, comparing SSP3HG to SSP5 under the same climate (RCP8.5) (Fig. 6) , GDP is more than 40 % lower for all regions, while mitigating from RCP8.5 to RCP4.5 in SSP5 reduces GDP less than 6 % for all regions (Fig. 5 ). Due to differences in population growth across SSPs, GDP per capita (not shown in Figures) decreases from 15 % to 80 % in SSP3HG relative to SSP5, with the largest differences in developing countries. Similarly, cropland demand is 38 % higher in SSP3HG compared to SSP5 under RCP8.5 (due to larger population and lower land productivity), while cropland demand decreases less than 3.5 % when mitigating to RCP4.5 within SSP5 globally. Yield itself generally is 10-30 % lower in SSP3HG than in SSP5 (for the same climate), a substantially larger difference than induced by the different climate outcomes. The relative effects of climate and development pathway are not dependent on whether or not CO 2 fertilization is included.
Conclusions and discussion
This study analyzes the economic impacts of yield changes due to climate change. Our results show that the sign of the climate effect depends on whether CO 2 fertilization effects on crops are included or not. Climate change with CO 2 fertilization as simulated in CLM has positive impacts on crop yields and the economy, and therefore if climate is mitigated from RCP8.5 to RCP4.5, crop yields decrease by up to 12 % with negative impacts on the economy: reduced crop production, higher crop prices and lower GDP. Combined with the generally negative impacts from the mitigation effort, regional GDP is reduced up to 4 % and crop prices increase up to 16 %. However, if CO 2 fertilization is not included, the net effect of climate on crop yields and the economy is negative, and mitigating from RCP8.5 to 4.5 would increase yields up to 22 %, offsetting some of the negative impacts from emissions mitigation and resulting in lower crop prices by up to 21 % in most regions. We find that the implications of different socioeconomic development pathways for outcomes related to agriculture are much larger than the implications of different levels of climate change, consistent with previous findings (Fisher et al. 2005; Schmidhuber and Tubiello 2007; Hasegawa et al. 2013) . Outcomes for GDP, prices, and land use are 3-35 times more sensitive to the development pathway than to the climate conditions assumed here on global average and 0-135 times on regional levels. These quantitative conclusions might change if different scenarios are examined.
The agricultural impacts of climate change examined here (in percentage terms) are very similar across different development pathways. This is likely due to the aggregate metrics we use to measure such impacts. Other studies that examined impacts in terms of risks of hunger and that better accounted for more vulnerable segments of the population (Fisher et al. 2005; Hasegawa et al. 2015) find that climate impacts are in fact quite sensitive to the development pathway.
As a first exercise to link CLM and iPETS for agricultural impact analysis, there are some caveats and key directions for future work. In the CLM analysis of climate and CO 2 impacts on yield, key areas for improvement include accounting for effects of other factors on yield, including extreme heat, flood events, pests and disease, and ozone damages. Incorporating these factors would likely lead to more negative yield impacts than found here and remains a research frontier for the field. Further work is also needed on evaluating the response of crop growth in CLM to elevated CO 2 levels. In many Earth System Models, including CESM (of which CLM is a component), the positive effects of CO 2 fertilization outweigh the negative effects from climate change on the net primary productivity of ecosystems (Arora et al. 2013) . For crops in particular, the CLM yield response to CO 2 appears to be stronger than in AgMIP crop models, at least for wheat (ESM). This field still remains crucial for research and we showed the case without CO 2 fertilization as a sensitivity analysis. In addition, the treatment of management practices, including fertilizer and irrigation, is currently limited. CLM has only two options for nitrogen fertilizer application: none or the current North American level. In this study, we used linear interpolation to estimate yields for scenario-based assumptions about changes in fertilizer application rates over time, but this is an approximation and also affects the magnitude of the interaction effects between CO 2 fertilization and available nitrogen. Regarding irrigation, CLM uses as much water as necessary without considering local water shortages. Climate-induced changes in aggregate irrigation water demand are modest in these scenarios (Levis et al. 2016) , but this still remains an important area for improvement.
On the iPETS side, one open issue is how to best implement the potential yield changes from CLM. In CGE models, they can be applied as either a crop productivity shifter (total factor productivity for crop production, TFP) or land productivity shifter (partial factor productivity of land in crop production, PFP). Here we applied the yield changes to TFP because this method better corresponds to the information obtained from CLM (see ESM). The two approaches would result in different economic responses. Changes in TFP limit the substitution among inputs to production while changes in PFP would induce more substitution between land and other inputs. Further investigation is needed to explore the differences. A key area for model improvement is better accounting for multiple adaptation possibilities, such as changes in the composition of crop types, changes in management, and trade. Currently, iPETS only models one aggregate crop type which limits the possibility for changing crops to avoid climate damages or increase climate benefits. Management practices are not explicitly modeled, and the trade system in iPETS is based on the commonly used Armington (1969) assumption. The economic consequences are sensitive to the assumed Armington elasticity values. More generally, there is uncertainty in the iPETS response to yield changes due to uncertainty in parameter values beyond those affecting trade, for example in the production and consumption components of the model. An analysis of the robustness of the results presented here would be valuable future work, but is beyond the scope of this paper.
